The degradation of benzene, monochlorobenzene and 1,2-dichlorobenzene in aqueous solution by gamma irradiation was investigated. The effect of the irradiated solution composition was studied. The results showed that benzene is more resistant to destruction than chlorinated benzenes. The presence of oxidizing and reducing reactive species and the rapid reaction rates with halogenated benzenes increased the degradation rate of the pollutants. Dechlorination of CB and 1,2-DCB was observed. High performance liquid chromatography (HPLC) and spectroscopy (UV-Vis) were used to monitor changes in the radiation solutions. The final aqueous irradiation products were shown to be a complex mixture of by-products. The addition of scavengers such as methanol and ethanol required larger doses to decompose the pollutants when compared to those solutions with no additives.
Introduction
Environmental pollution is now recognized as a significant concern worldwide. While industrial sources are most common, other sources can also be significant. Many of the contaminants biodegrade very slowly and may have adverse effects on humans and ecosystems (IAEA 2001) . The variables involved in the environment's restoration are numerous, mainly due to the variety of chemical compounds and raw materials that have found their way into the environment. The most complicated waste effluents are mixtures of organic compounds for which removal and/or degradation are difficult with conventional methods (Getoff 1989) .
In many areas of the world water is the limiting resource necessary for successful growth and economic stability. Water is considered one of the most significant obstacles to development in the Arab region. Therefore, beneficial wastewater reuse is a strategy that is being considered to protect what is left of this natural resource (Takriti and Al-Kaid, Submitted for publication; Takriti et al. 2000) .
The use of ionizing radiation has great ecological and technological advantages, especially when compared to physical-chemical and biological methods. Ionizing radiation degrades halogenated organic compounds, generating substances that are easily biodegraded and eliminating the need to add chemicals . Radiation methods for purification and disinfection of wastewater are being developed (e.g., Waite et al. 1998) . One of the most important processes is the combination of ozone, electron beam and ozone treatment (Yue 1992; Gehringer and Eschweiler 2001) .
In the past several years irradiation treatment of wastewater has become a more attractive alternative to treat pollution problems caused by the disposal of wastes in rivers and grounds (Getoff 1993 (Getoff , 1996 (Getoff , 1999 IAEA 1998) . The radiolysis of water with high-energy electrons or gamma photons results in the formation of three highly reactive species (bolded) and is described below (Spinks and Woods 1990; Buxton et al. 1988 ): (1)
The numbers in brackets represent the efficiency of conversion of electron or photon energy to a chemical product. This efficiency is defined as the G value. The G value is the µmol of product formed or lost in a system absorbing 1 Joule of energy.
Efficient removal of benzene and chlorinated benzenes in effluents is of importance for environmental protection (Trojanowicz et al. 1997) . The radiolytic degradation of halogenated alkyl and aromatic hydrocarbons for environmental purposes has been the subject of several papers (e.g., Nickelsen et al. 1992) . Hashimoto et al. (1979) demonstrated the efficient degradation of hydroxybenzenes and chlorophenols. A review of the relevant reaction rate constants suggested that benzene, chlorobenzene (CB) and 1,2-dichlorobenzene (1,2-DCB) should be effectively removed via irradiation (Table 1 ). Included in Table 1 are rate constants for acetonitrile and methanol, chemicals that were used as carriers during these experiments.
Therefore, the aim of this study was to investigate the effect of gamma irradiation on the aqueous solutions * Corresponding author; stakriti@aec.org.sy similar to those existing in wastewater and to illustrate the parameters of the benzene, chlorobenzene and 1,2-dichlorobenzene decomposition. These pollutants were chosen because they have been found in Syrian wastewater, while other products such as 1,3-and 1,4-dichlorobenzene were not.
Experimental

Reagents
Benzene, monochlorobenzene and 1,2-dichlorobenzene, and the expected reaction by-products and the solvents for high performance liquid chromatography (HPLC) and UV-Vis spectroscopy were purchased from Merck (extra pure). The CH3CN was purchased from Romil (99.9%) and all were used without further purification.
Sample solutions were made up in a mixture of triple-distilled water that was passed through an anionexchange. To facilitate the dissolution of the test compounds, solutions were made up in a water/acetonitrile system, 65/35, v/v. This was also used to mimic industrial effluents that are rich in organic solvents or landfill leachates that are complex mixtures of organic and inorganic compounds.
Apparatus
The gamma irradiation of water solutions was conducted using 60 Co-gamma cell, Issledovatel-10 kCi, at a dose rate of 2.5 kGy/h. The dose and dose rates were determined by means of a modified Fricke dosimeter (Fricke and Hart 1966) . Samples were irradiated at 20 o C with doses ranging from 0 to 20 kGy.
The determination of chloride ion in the irradiated samples was performed using a frequency dosimeter system (FDS).
Qualitative and quantitative analysis of the organic products was performed using UV-Vis spectrophotometry (Shimadzu UV-Vis, A-120) and HPLC (Bio-Rad-AS-96C) with a ODS-2 (4.6 x 250 mm, 0.9 µL, 45 o C, 95 kg/cm 3 ) column (Ye and Schuler 1990) . The mobile phase used was CH3CN/H2O, 65/35, v/v, according to studies of Hudziak and Trojanowicz (1995) on chlorophenols. The HPLC was equipped with a multiple wavelength UV-detector (Shimadzu-SPD-10AV, UV-Vis). The individual compounds were detected by measuring their absorption in the wavelength range 200 to 450 nm, depending on the compounds. The water and eluents for the HPLC were degassed using ultrasound.
The irradiation of samples was conducted using a 10-mL sample placed in a sealed glass tube. Selected irradiations were performed in an open glass tube in order to study the effect of oxygen on the radiation degradation. Buxton et al. (1988) 9.0 × 10 6 Koehler et al. (1985) 9.1 × 10 8 Buxton et al. (1988) 7.9 × 10 
Results and Discussion
The overall objective for controlling chemical pollution is to reduce the toxicity of the compounds prior to discharge to the environment. In the case of aromatic or halogenated compounds disruption of the aromatic ring and/or dehalogenation are reasonable first steps. Three aromatic compounds were selected for this study with increasing chlorination. It has been well established that halogen substitution on organic compounds usually increases the potential for adverse health (human and/or ecological) effects. For the halogenated compounds, dehalogenation prior to discharge is an important consideration. The degradation of benzene, CB and 1,2-DCB at different initial concentrations showed that the best initial concentration to facilitate the determination of the irradiation products was 500 µmol in mixed solvents rather than in pure water. The degradation of benzene, monochlorobenzene and 1,2-dichlorobenzene, in terms of initial content (%) of the mother solution (500 µmol), at different mixed solvents as a function of absorbed gamma dose is illustrated in Fig. 1, 2 and 3 , respectively. The results showed that the degradation of the three compounds appeared to be limited in the acetonitrile/methanol solution, while for the acetonitrile/water solution the degradation approaches 60% at a dose of 10 kGy. There appeared to be a pseudo-stabilization stage in the dose range between 7.5 to 12.5 kGy. It is likely that this is the result of the accumulation of reaction by-products in the solutions and increased competition for the reactive species, and hence degradation. This observation is also illustrated in Fig. 4 and 5 for acetonitrile/methanol and acetonitrile/water phases, respectively. This stability stage appears to be best illustrated in the degradation of 1,2-DCB.
Studies were also conducted to develop a mass balance of the chloride ion. The release of chloride ion from pure chlorobenzene, presumably the result of dissociative electron attachment, with dose is shown in Fig. 6 . Dechlorination was linear with the absorbed dose. Of course, the liberation of chloride ion does not necessarily mean total decomposition of the chlorobenzene. The detection of other substituted compounds such as chlorophenols in the irradiated solutions indicated incomplete degradation of the parent compound. The same trend was observed for 1,2-dichlorobenzene.
The effect of scavengers was studied for 1,2-DCB in different solutions. Pure 1,2-DCB was dissolved in a mixture of methanol, ethanol and the solvent mixture with acetonitrile. The percentage of solvents was 50%. The decomposition of 1,2-DCB as a function of absorbed dose is shown in Fig. 7 . The results indicated that a relatively high dose was required to decompose this pollutant. On the other hand, the presence of 10 mg/L H2O2 resulted in an acceleration of the degradation.
The radiolytic degradation of organic pollutants (Trojanowicz et al. 1997) usually results in the formation of organic acids (Getoff 1996) as the total organic carbon content in the irradiation solutions decreases (Getoff and Solar 1986) .
A mechanism (Fig. 8 ) was suggested and was adapted from that of Bekbolet et al. (1998) , Getoff (1998), and Schmid et al. (1997) . The final products were determined by comparing HPLC elution times and UV spectra of irradiated solutions with the standard spectra.
A possible explanation of the decomposition reaction of monochlorobenzene follows. The hydrated electrons attach to the chlorobenzene and through dissociative electron attachment the chloride ion is eliminated. The hydroxyl radicals will attack the aromatic ring and at low dose results in the formation of phenol. Then through a rather complex series of reactions and at higher doses, ring cleavage occurs and numerous aliphatic acids are formed (e.g., von Sonntag and Schuchmann 1997) .
In the presence of the mixed solvents it is also possible to get other radicals formed that react with the benzene system forming the benzene substitute as the final products (Cooper et al. 1996; Dougal et al. 1998 ). The intermediate products, which may represent the stability stage compounds, are further decomposed as reported earlier (Takriti, Submitted for publication). Other substituted products, which are resistant to radiation, are still there and were determined as shown in the mechanism.
Conclusion
For the compounds studied, all were decomposed by ionizing radiation. The increase in the number of chlo- 248 Takriti ride substitutions required lower radiation doses for complete radiolytic degradation of the parent compound. The most resistant for radiolytic degradation was benzene. In an open system, where dissolution of oxygen occurs, the final products such as organic alcohols, aldehydes, ketones and acids will be formed. These compounds can then be more readily treated using biological processes prior to discharge to the environment. Some scavengers present in natural samples may restrain the radiation-induced degradation process. Their influence on the efficiency of degradation of multichlorobenzene requires further studies. 
